INTRODUCTION
Despite advances in the treatment of high-grade gliomas, including the introduction of concomitant chemoradiotherapy and adjuvant chemotherapy [1] , these tumors continue to carry a high mortality rate and significant population burden [2, 3] . One of the unmet needs in treatment development research is the ability to easily identify differences in tumor characteristics and treatment response with MRI biomarkers before, during and after therapy. This would facilitate research on the treatment response in large sets of patients and the discovery of new imaging biomarkers, further enabling the personalization of therapy. In order to meet this demand, an easily applicable co-registration method is needed to co-register postoperative with preoperative images during the MRI assessment of high-grade gliomas.
A non-linear registration is needed, as brain shift and deformation pose significant challenges when comparing brain MR images at different time points. These changes do not only occur after the initial surgical procedure, but, rather, are a dynamic continuous process [4] . In addition to the structural changes caused by surgery, tumor response to treatment and chronic radiotherapy effects induce further changes. These include, for example, changes in tumor volume [5] , making the co-registration process even more difficult.
Although previous research has aimed to address these obstacles, an easily accessible and applicable co-registration method is not yet available for preoperative and postoperative MRI scans of patients with brain tumors. Most methods focus on the co-registration of different sequences of the same scan time point with linear and non-linear registration methods in healthy subjects and patients with brain tumors.
These existing methods demonstrate good performances for this intra-subject co-registration of data from the same time [6, 7] or to a standardized brain atlas [8, 9] .
Research has also demonstrated the value of a non-linear co-registration for treatment response evaluation in patients without surgery [10] . However, surgery is part of the standard treatment scheme in patients with high-grade gliomas [1] and is regularly performed in other primary and metastatic brain tumors [11, 12] . Therefore, the ability to deal with post-surgical changes should be part of the co-registration method.
Methods of MRI co-registration taking resection into account are scarce and have several limitations, making them unsuitable as a widely and easily usable co-registration method. The few available clinical studies that have used an intra-subject co-registration method after surgery are difficult to replicate and evaluate as they use in-house software, and provide only limited details of methodology [e.g.
refs. [13] [14] [15] ]. Technical studies suffer from other issues, such as small sample size [16] . Another study has tested methods only on epilepsy patients with whole lobe resection [17] , where fewer signal changes and mass effects are expected.
Furthermore, these and other technical papers do not provide comprehensible co-registration guidelines, thereby hindering wide applicability, especially for clinical researchers [16] [17] [18] .
There are a few methods available that co-register intraoperative images with preoperative imaging. However, these are limited by using other modalities, such as computed tomography (CT) [19] , tracked laser range scanning [20] or ultrasound [21] .
CT is inferior to MRI in detecting tumor recurrence and thus is not routinely used for the treatment evaluation or research of patients with brain tumors. Ultrasound and laser imaging are only possible during surgery when the skull is temporarily removed.
The method of Nithiananthan et al. [19] uses an approach that defines resected voxels based on an air density. This is not applicable to research with interest in tumor response assessment as the resection cavity being filled with fluid and/or adjacent brain tissue rather than air. Other 'preoperative with intraoperative co-registration' methods have only tested the complex algorithm on two-dimensional (2D) data [22] Therefore, there is a need for an easily applicable and usable co-registration method before, during and after treatment, including surgical resection. To address this, we have developed a semi-automatic co-registration technique employing widely used and freely available software. This may allow the accurate evaluation of the treatment response in future studies, which is essential for brain tumor imaging research and treatment response assessment in large sets of patients. We also provide detailed information about the steps and code used.
METHODS

Patient inclusion criteria
Patients with newly diagnosed supratentorial glioblastoma, operated on from 2010 to 2014, were included in the study. Exclusion criteria were previous cranial surgery, previous cerebral radiotherapy or another known primary tumor. We included 32 patients (mean age, 56 years; range, 31-68 years; 20 men) with preoperative MRI scans who also had available follow-up MRI. Follow-up MRI scans included a direct postoperative scan and the scan at the time point of tumor recurrence. Adequate direct postoperative MRI data (<72 h) were available for 30 patients, whereas later follow-up at the time of tumor recurrence was available for 27 patients (mean of 12 months after the operation date; range, 0.8-38 months). All patients were treated with maximal surgical resection, followed by standard concomitant chemoradiotherapy and then by adjuvant chemotherapy [1] .
Data acquisition
Preoperative MRI data acquisition was performed using a 3.0-T Siemens Magnetom MRI system (Siemens Healthcare, Munich, Germany) with a standard 12-channel head coil. Imaging included an anatomical three-dimensional (3D) T1-weighted sequence with fat suppression acquired after the intravenous injection of 9 mL of gadolinium 
Coregistration method
Co.-registration was performed using a two-stage semi-automatic method ( Fig. 1 ).
Conventional contrast-enhanced T1-weighted images were co-registered using tools from the Oxford Centre for Functional MRI of the Brain (FMRIB) Software Library (FSL) version 5.0.0 (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Before the co-registration stages commenced, all images were realigned with the anterior commissure as the center point (coordinate 0, 0, 0) to minimize the influence of brain position. The first stage was the co-registration of the binary masks, which consisted of the outer contour of the brain, the ventricles and contrast-enhancing area (presurgical MRI images) or resection area (follow-up MRI images). This was performed for each subject at different time points to create a transformation matrix ( Fig. 1, step 4 , using the FLIRT, FMRIB's Linear Image Registration Tool, function). The brain contours were created from the inversion of the brain masks which were semi-automatically extracted [23] .
This was followed by manual correction (Fig. 1 , steps 1 and 2) and the resulting mask was binarized. The ventricles were identified with an automatic segmentation using the FSL FAST (FMRIB's Automated Segmentation Tool) ( Fig. 1 , step 3) function [24] .
The FAST function also allowed a semi-automatic identification of the contrast-enhancing area or resection cavity. The contrast-enhancing area is targeted for resection and is replaced by the resection cavity on the direct postoperative and later follow-up MRI scans. Therefore, this stage of co-registration allowed for optimal correction of variable brain shift and surgery-induced changes at different time points.
The second stage applied the transformation matrix, acquired from the first stage, as input for a non-linear transformation matrix of the brain images ( Fig 
Validation methods
Validation was performed using a targeted registration error method for the calculation of the error in different directions. Validation in the x and y directions was performed using the septum pellucidum ( Fig. 2A ) and cerebral aqueduct ( In addition, a 3D structural similarity map was created [25] using Matlab (MathWorks Inc., Natick, MA, USA). The 3D structural similarity map was created for each subject, comparing the preoperative reference scan with the co-registered follow-up scan.
This was performed for scans obtained immediately postoperatively and at tumor recurrence separately. To display group results, the preoperative images were co-registered to standard MNI (Montreal Neurological Institute) space with a non-linear transformation of the brain images including a lesion mask. This was preceded by a linear transformation of a binary mask of the brain exterior and ventricles. A mean structural similarity mask was then created by transforming the structural similarity mask of each patient to standard MNI space. The resection cavity or contrast-enhancing areas were excluded for the mean structural similarity image, as these values are inherently different. One author (J-LY) also visually inspected all the co-registered MRI scans for accuracy.
RESULTS
Targeted registration error
The targeted registration error showed good performance of the co-registration method for the direct postoperative and recurrence images with a clear benefit over the linear co-registration method and standard FNIRT non-linear co-registration method (Tables 1 and 2 ). In the co-registration of postoperative to preoperative images, in comparison with FLIRT, the SAC method showed a smaller vector deviation of the cerebral aqueduct (1.1 versus 1.6, p = 0.015). A smaller deviation was also detected for the septum pallucidum y coordinate and vector (1.3 versus 2.0, p = 0.029; 1.8 versus 2.6, p = 0.021), as well as the top of the third ventricle y, z coordinate and vector (0.4 versus 2.2, p < 0.001; 1.2 versus 1.9, p = 0.043; 1. The benefit of this co-registration method can also be seen in the co-registration of recurrence images to preoperative images ( Table 2 ). The target error at the cerebral aqueduct and the roof of the third ventricle at the level of the foramen of Monro was smaller using the SAC method than the linear co-registration and FNIRT co-registration. When using default FNIRT, there was a larger z coordinate deviation at the tumor centroid point. In addition, the linear co-registration failed in three patients, and default FNIRT co-registration failed in two patients, for both the postoperative and recurrence scan, whereas the semi-automatic method was used without problems.
3D structural similarity
The mean 3D structural similarity of all 32 patients showed the relative performance of the co-registration method (Fig. 3) , which is also illustrated using a representative subject by contour overlay images (Fig. 4) . The peripheral areas, including the frontal and parietal areas, demonstrated the best performance. A good performance was also seen at the periventricular regions. A relatively smaller overlap between the co-registered and reference preoperative scans was seen in the mid-sagittal and central areas, the centrum semiovale and central cerebellum.
An example of this co-registration is shown in Fig. 5 . Without appropriate co-registration, one cannot confidently compare the initial postoperative or tumor recurrence images with the pre-operative reference images (Fig. 5A ). Although the standard FNIRT co-registration of postoperative MR and recurrence MR images (Fig.   5B ) realigned the images in the same space as the reference images, regional torsions (white arrows) were detected at the resection edges. Using the semi-automatic co-registration methods, the co-registered postoperative MR (Fig. 5C , left) and recurrence MR (Fig. 5C, middle) images were able to show the residual contrast-enhanced lesion (yellow contour) and the recurrent area (red contour) in the reference MR image (Fig. 5C ).
DISCUSSION
We have developed and validated a two-stage semi-automatic method for the co-registration of preoperative and follow-up MRI scans for both the direct postoperative and tumor recurrence time points (Tables 1, 2 and Fig. 5 ). The semi-automatic derived mask of the outer brain contour, ventricles and lesion allowed an accurate co-registration despite the brain shift changes and postoperative changes. Therefore, this method is highly applicable for the analysis of large imaging datasets to evaluate treatment response, a growing and clinically important research area. Furthermore, it can be easily reproduced, allowing a wide applicability of the method.
In the standard FNIRT function, an affine transformation is required as a starting estimate of the co-registration. This affine transformation is typically the result of linear FLIRT co-registration between different MR series. However, the deformation at different time points occurs mainly over the peritumoral regions, resection cavities and ventricles. Our approach was to use the transformation affine of these areas with the greatest changes rather than the whole brain images (Fig. 1, step 4 ).
Furthermore, we added an inverted brain mask as an outer frame to our first stage co-registration for the gross spatial position (Fig. 1, steps 2 and 3 ). This resulting affine was further applied to the normal brain parenchyma with the mask of ventricle and lesion (Fig. 1, step 5 ) to achieve the optimal co-registration.
To our knowledge, there is a shortage of easily applicable methods allowing the co-registration of preoperative and postoperative imaging in patients with brain tumors. Clinical papers often use in-house software solutions and provide only a partial description of the methodology [e.g. refs. [13] [14] [15] ]. This hinders reproducibility and makes the independent evaluation of reliability difficult. Moreover, technical papers are often complex and use only a small number of patient datasets, e.g. up to two patients with brain tumors [16] and up to six patients with epilepsy surgery [17] .
We have created an easily reproducible method (see Supporting information for the code) and have tested it in a large (n = 32) population. Previous studies using intraoperative co-registration have shown a clear advantage of non-linear co-registration with high diagnostic and stereotactic accuracy [10, 26] . This supports the results of the postoperative co-registrations from our study.
This two-stage semi-automatic co-registration method can be replicated using FSL, which is a freely available and widely used software package in the neuroimaging research community. We have provided a detailed description of the steps required to recapitulate this approach (see Fig. 1 and Supporting information). This makes this method easily reproducible by others, including clinical researchers, which further supports the rationale of using FSL for our co-registration method. Given the purpose of this study, we have not attempted to validate the co-registration of patients with brain tumors using other software packages. The interpolation of our semi-automatic method to other software packages might be possible, but would require separate validation.
The MR image acquisition parameters in our dataset varied across subjects and time points. In particular, a contrast-enhanced 3D T1-weighted dataset was available for the preoperative scan, but the follow-up images were almost always 2D and obtained with different MRI parameters and scanners from different manufacturers. Another limitation is that this method assumes that the resection cavity is a result of surgical resection of contrast-enhancing tumor only, and that the recurrent tumor arises from the non-contrast-enhancing surrounding area. However, the resection volume may extend beyond the area of contrast enhancement to include the 'peritumoral region', particularly if the resection is conducted under the fluorescence guidance of 5-aminoleuvulinic acid [27] . Despite these differences, our validation showed that the method worked in all subjects, making it easily applicable in clinical practice.
At a time when adequate imaging biomarkers are being sought to evaluate treatment response, method applicability is of essence for the development of brain tumor research. Overcoming these treatment-induced problems in the co-registration makes our semi-automatic co-registration technique a valuable method to facilitate research in the expanding area of personalized medicine in patients with brain tumors.
CONCLUSION
We have developed a semi-automatic co-registration method for MRI of brain tumors to allow the accurate evaluation of treatment response in further research. We have demonstrated the good performance of this approach using 3D structural similarity and targeted registration error methods. We have also provided a detailed description of the methodology, which uses freely available software, making it reproducible by the neuroimaging community. This is an essential tool for the growing research area of brain tumor imaging and treatment response evaluation in large sets of patients. 
